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The principle of co^plemer^rlty r^fere to the 

under dlftere^ famous double^Ht experiment, a single electron can 

apparently pass through i bott ape^res slmuftan^ But H a 'whlch-wav' detector r '- 

Is employed to determinejthe paracleV path, the Interference pattern Is destroyed.Thlsls usually explained In terms of 
Helsenberg's uncerta^ In f orm a tion tocl^^ 

paraclejs momentum; thus destroying the Interference. Here we report a whlch-wray experiment In an atom 
Jjnte^^rometer 

dlsappeara nee of trre fnterfere^ H instead to correlations between the whlcn^ay 'detector and 

the atomic" r~*** l- ^ :i *-'^^ 

In classical i 




slit win 



SJ^ou^ 
.a. position W 

& z ^"..Nijbi*- . Owing to', Heisenbei^'sl^siti^ uncer- V; transfer from the double slit and the'wnicti-^^ be Jv 

tainty relation, this loca^tion must p^utt^mbmentuih ^cer^^s^mi^z^^^^f^: ^^^^f} 0^^^^^aW^^^^ : ^^^' 
tainty of the order of Ap t -ff h/X^^^This momentum 'uncertainty c^. Here we report on a wnicn-way^eiperiinent atom;hrto- ;f " 

arises from .the^ mqmenhun';;kick ;rjiauisferred , by; the scattered Aerometer. A nncrowafve field is ft&d&^or£ih^ 
photon. For X^< whichfway information is obtained, but the'^tion'in mternal atomic states. \j£ study me" mechanical effect ' of the 



momentum kick is so large' that it completely" washes out the spatial V: which- way detection on me atSiic cCT 1 
interference pattern.;;^.;. :;-;'-&7if-Z'&:Jlsr\ : *T V : - , : / and find that the "classical" momentum 'lacks' are much too small to . 

However, Scully et cd? have recently proposed a new gedanken wash out the interference pattern.' Instead, correlations between the : 
experiment, where the loss of the interference pattern in an atomic which- way detectorand the atomic motion destroy me.mterference \ 
beam is not related to Heisenberg's position -momentum uncer- fringes. We show that the back action ohtb^me atomic m^^ 
tainty, relation. Instead, the ^rrelations\between, the. which way ^ '^^w^a k« vi^^^Uk^^v^*.:^^" ;vL ;.~\ L 



detector { an d th e ^tomic fc beams ;are rrespqrisible for - the lo< 
mtei^renceo^geS^^^ii^ 



Such correlations had already been studied experimentally. They The atom Interferometer ^ i ^1'^ 

are, for example, responsible for the lack of ground-state quantum Figure 1 shows a scheme of our atom interferometer. An incoming 
beats in time-resolved fluorescence spectroscopy 4 . Other examples : ;.beam of atoms passes through two separated standing wave light 
are neutron interferometers, where which- way information can be . beams. The detuning ^pf the^Jigh^egu^ 

resonance, 4 = 0?^*- is larjge so &^ 

-can be neglected The tight fields each qeate a consemtiye potential \ 
'4 U for the atoms, the so-called light shift, with. U K jfAi &tTzJis i the.^ 



stored by selectively flipping the neutron spin in one arm of the 
interferometer 5 ' 6 ..:^^ ■.- .■ — '•; • • rc-::;r: - V/ ' 

O Nevertheless, the :gedanken experiment W Scully . et al was 
criticized by Storey et a£\ who argued that the uncertainty relation 
always enforces recoil kicks sufficient to wash out the fringes.;This 
started a controversial discussion*:"rabout the following question: 
M ls complementarity more* fundamental than the uncertainty 



WW 



light intensity (see, for example, Ve£ 1 3). In a stodingwaye the tight^- 
" .intensity is a function of positionV./(2):= / 0 ^^<*^g2>»5wfccr^' »J" 



; ; the wavevectbr 
"form U(z) 4 
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^f£SK •^^Pfe"^ 111 ?^ ^gg* 1 "??^^" " on ? Periodic potent 



enter the. standing light Wave at a^Bragg angl< 
* 14% 4 This 'process is similar to firagg reflection < 
'periodic structure ofa sobd-state crystal; but - 



^$L™8*?VT^^^^ (vertical in Fig. >lj ^ 

||||^ |gf jjhe a second ss^ it " - 

^stioding Vj^fjj^^ serves as : a 50%, beam 

"splitter^ ^qj^, t>yo.atornjc. beams Diand JE are travelling to the lerl^e^wfe^psa^ k*^ht&'« 

fiddv^ach|g L 

pag: of ^overlapping 






allowed to propagate freely for a time interval L_. During this time, . . „ A second quantum systern is., now added, to the mterferometer in 
B nioyesa horizpnul distanced to de left and beaW - • ^.^^Atf^^^^ 



5 pattern^: &wn.*ra.me^ the .initialifa^y!^^^ w^ft^wftjt^? 

^5^5^ (MOT). After.;y^^^ : a." 




^rjftf.two^ B is Brago^reflected from'a-^mom^ peaK'is'a combination' of.: 

* standing I^ht^.wa\^The ' beams are not exactly vertical ■ because a„ Bragg ^ beamsD end Eh is a Bragcf-reflected picture of the right peaJcThe fringe patterns ■ 
'condition must fejypjed. After free propagation for a tirhef^ the" be ams^are*.' \urrtef"these two broad peaks- are complementary; that is. the interference.- 
displaced b^a.distartcecf.' Then the beams are split again with a second standing ^maxima in . the left .peak 'correspond' to* interference' minima in the right peak, 
light wave. In the far field, a" spatial interference pattern is' observed: ^ r vfe^"?^ and vice versa.'v- - f^f : ''^/' i\ 1 J 'i ■ . * •'' *. \ : - • 
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:Thus,:jhe state vector after the poise sequence shown in Fig 

^nie^-glgSszai^^ 




tafe^e^or^die!^; 



^bere.JV'B) ajad.j^V^^frjlxf 

reflected and transmitted .beams (see !;Fig.;:l), respective] 
entani^erhent is the crucial point 1 for the /storage :6f -mforrnatiori: 
?The second microwave pulse acting on both beams (the transmitted ^ 
and the Teflected);(cohvefts^the internal Sate <)f the ^transihitted . j^j. 
r^am to state [3>, while' tlie reflected Warn' is converted to state ^ ; 



?The second microwave pulse acting oft bothbeams (the transm effects ^^Sg^ ^ ^ a 

j a! — /_~n__^^ « -^i^r ♦u^^u^u;*^' ^\Ve how discuss >%ether'rdicl^.^|^^Tj^ 

by mechanical ~ ^ , - 

ie> i .^b ,«:v\'v^;:. 



I2> V 



microwave 



I3>- 
I2>- 



T 



| microwave! 
-I2> ^ 



Figure 3 Storage of which-vyay information, a. Left, simplified level scheme of r *Rb. 
The excited state {b 2 Pv£ is labelled £). The ground state (5 z S 1/2 ) is split into two 
hyperfine states v^tmalanigularrnornentumF = 2 andF = 3, which are labelled 
|2) and 13), respectivery. Right the standing right Wave with angular frequency 
induces a light shift for both ground states which is drawn as a function of 
position, b. The beam splitter produces a phase shift that depends on the internal 
and external degree of freedom. A Ramsey scheme, consisting of ^ microwave 
*/2 pulses, converts this* phase shift into a population difference (see text). 
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' - - : Position (mm) .. i^c^v ^ f ;kypy : * 

Figure 4 Same'as Fig. 2a, bu ^^(^^y^ jn.t^intema! * 

atomic state. The interference fringes are'"k)tf due. to ^.^9[^^ry^9^?y 'i f * " 

"in!6rniation:"^V?:y-\^S^ ^ ' 
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•.-..s-rf/c*- 



at least half a fringe period Such a "classical" momentum rj^sfer fof jaaxiiple,;iii tfie;; 

distribution would also broaden the envelope of the fringe pattem^^ "previousr^ recoiling' 

by the same amount 11 ; Comparing the ejq>erimental data in Fig!^aT/ sti^ ^ ut ; S .&ese ex^rimentsV 

and Figr 4; it is "obvious that the :. width of the envelope ribt-Vr/daisical^ffl dif the* particle's ' 
changed. . This experimental result clearly shows that there is no motion 
significant transfer of transverse momentum in the miCTOwave field^ 
^ JJiemomentuixiVtransfer during the interaction. with mfcmicro^ife 

i waye field can also ^be estimated theoretically. The microwave fiddisfi^'^/^opai^^Mtia^ 7 fid^ At first glance this might seem .to bt i 

i a v S^.dm'g'waye dififractihg the atomic beam. Because me atoms" w l>etVfe* 

trayellmg ^mucfi^ less.; than ' a : microwave wavelengffi; du™ io : th^' absorption of one nucrowaye ^ 

• interaction, the ;Raman^Natff approximation is -vahd^For *^ brcome^ entan$e^ the"; 

atomic wave, the probability to pick up n photon momenta during a: ; microwave; fields Hence the interference (terms; m equaUonV(4). . 

pulse,;iSi ^(x/2)y where /n. is the! nth-order Bes^ function "v £ ^-mu^^ |cr)'*denbteSj the;' 

Hence, the probability, of rj^risferring^ more than two microwave V; m field; * which 1 * changes td '\$)}du£ to-: 
phpton\ momenta^ ; is . less" than> i %.^- The absorption* 1 of a J sm^e ^.. the absorptiokof one photon. In our exr^riment, the initial state.|a)i 




y:<iit. 



^^^concTu4^i^^ the^dasslcaL?; mecAanicai effects of the whichV Mprl^y 

|way detedor ^ pn^^atomic centre-of-mass motion are riegh'^bieV so . £ of 'ifrjfi!!^ th^^6m^&ys^ 

^that; somx ^other^eihanism" must ^ enforce ' the loss of mterferehceX- delocahzed during its whole passa^ mrbught trie mteractionTepdn^ 

~ - — * - - - ■ 




mm±m®m mm^^M*. iq® jay; ^Jpi^^ 

I^S£7^:>r^ -;->7 : :i.r . ; ^ atoms ^localized within one . wavelength of the microwave. /The:; ■^.§«gs*v 

;TThe^sigii*.of jy>)_is positive* due*' to the x phase shift "during the ; ^ ^■■$w& s ?: 
refle^oii from the second rxfan? splitter; \v ^J^-rf '\- ... * .7. by the uh(*rtainty rektiori is of the order of one microwave pKotbh 




^.vin ish r Beca use (2J 3) ^.0. Precisery ^ey^mc^tSn^eni^i that was^'vwho considered 6n^^ . 
require^ ttfs^ information is i rffiw fesponsible forlf; : patterns are destroyed by making a position' meam 

the loss of mterferenceT In oJTerwords: the correlations between the " v experiment; no double slit is' used and ho ppsiuoh^m^ureme^^ 
wluch- way detector arid the atoniic motion destroy the interference, v performed^ so that the results of refevl 1 do^hot'appj^jt 
as ^ discussed iix ret 3i^^M^i4fil '^A^ ; ^k^^^^^^^''^^ : .U question^ whemer.;^ rg; 
^ Tru^ loss of ^ as a dramati^^ be generalized to schemes wtKou^a^m 

the momentum dis^bution* when adding the microwave ficJdi.^ r ^Such a generalization would have to take mto/a 

the interferometer, even though the microwave itself ^does*hot^;ih our experiment, the amount of momentum ^ 'l5ihsfeiTe^^IjheS : 
transfer enough momentum to the atom to wash out the fringes^..:, light fields is always either zero or exactly : 2hki^&3^ I 
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^Although -beams -B. and C^are -never ^separated^ — ^^^^"^ 
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j.posjfion^d^'diey. are ?q>^ed jn^^ 
f ^e^ ^arafion3s ;2nJ^vas^ 
£te*ectiotf^ 



£te^ectioi£3Stp^ 
to Storing transverse moment^'jn^rn^don jvi 
the order of nJ^rSo Mar^^'ireb 
the ^orihg^process must include?!; back ac^oinfb' 
~positi6n"of th2'6rdex!bT.Ar<^^^m13^[^^o^ 




n wthlaii^acctocyjof.i 

meorderof Ap f ^hJ^^ " ------- , . . 

r tne storing process must 



end of this interaction, which implies alran^ersepbsf^^ 

tainty of the order of Az~\£^ut W ' " " * """""" 

near-nela position cannot destroy the, far-field fringe pattern.,' 

The interference pattern . created -in ■ ^ th e ■ in t erferbmeter is '. a ; '.'^JIV fF? 1 ** ^-.P*^ *! ? tt ??p^^?^B ^ Mttn?ng of alow atoms from a mnding tight wt Ewyph^ 
I pattern in momentum space, not in 'position ~space.~jrhe 




" v2i«k. W. R) 9-49 (iWoo UdM P^I9W);~^^^ 
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In the developing fros visual system/ topographic ^ 
activity, in vivo whole-cell recording frtnn dewioplng neurons shews that convergent retinotectoi 

synapses undergo actrvrty-dependerrt c^'peratlon and competition following correlated pr^ 

within a narrow time window. Synaptic Inputs activated repetrtrvery within 20 ms before spiking c^ the tectal neuron 
become potentiated y whereas subthreshold Inputs activateil within 20 ms after splldng become depressed. Thus both 
the Initial synaptic strength and the temporal order of activation are'cMWcailcV heterbs 

convergent synaptic Inputs during activity-dependent refinement of developing neural networks. . r ; 

Electrical activity in the developing nervous system plays a crucial : : but the initial map is coarse and terminals from each retinal »phj ^Sgg 



role in the establishment of early nerve connections^. ;ln"^ 




gangh'on axons into eye-specific layers in the lateral genicu 
late nucleus 6 depend on electrical activity in the visual pathways. 
The pattern of activity in the optic nerves seems' to serve an 
instructive role, as synchronous stimulation of optic -nerves 
abolishes the formation of ocular dominance columns, whereas 
asynchronous stimulation leads to sharp ocular dominance. 
columns 7 . Artificially synchronized activity in the optic nerve also" 
disrupts the development of orientation tuning in the visual cortex 1 . 
In the visual system of frog, chick and fish, retinal axons use activity- , 
independent mechanisms initially to establish a topographic map, 



t Proem address: Department of Anatomy, University of Cambridge. Cambridge CB2 3DX UK- 1 
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retinotectal projection also depends on activity 
patterns, as this process is impaired when retinal activity is blocked 
or uniformly synchronized by raising the animals in strobe light"'".; 
Thus, throughout the visual system, the refinement of cbimectjons*' 
depends on the pattern of activity, but the underlying physiological ; 
mechanisms are largely unlmown/i£^v^^ 
! ' We have examined quantitatively me effects of activity* patterns 
on the strength of developing central synapses in ihc^Xenopui^ 
retinotectal system. In vivo whole-cell recordings Were ; made,from7 ; 
neurons in the optic tectum of young Xmo/^'^d^ievtb~mo 
changes in the strength of retinotectal synapses foUowing repetitive ; ; 
electrical stimulation of retinal neurons uT the contralateral eye;*By 1 
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